Introduction
============

Microglia belong to the family of mononuclear phagocytes, are considered to be resident macrophages in the central nervous system (CNS), and derive from yolk-sac progenitors (Ransohoff and Cardona, [@b36]; Saijo and Glass, [@b38]). Macrophages are an abundant immune-competent cell type that play a crucial role in immune responses to pathogens, and as such are significant mediators of inflammatory processes. However, inflammation is associated with deleterious effects for the tissue environment, and must thus be repressed to allow complete healing. Macrophages also play a major role in the resolution of inflammation by producing anti-inflammatory cytokines and chemokines and by eliminating tissue debris (Murray and Wynn, [@b28]; Weisser et al., [@b45]). Microglia/macrophages can exhibit both proinflammatory and anti-inflammatory properties, depending on the disease stage and the signals they receive, i.e., the inflammatory balance in the microenvironment. Different activation states of microglia/macrophages have been described in both rodents and man, generally assigned into two groups: M1 classically activated or type I microglia/macrophages, which are proinflammatory effectors, and M2 alternatively activated or type II microglia/macrophages that exhibit anti-inflammatory properties (Crain et al., [@b9]; Martinez et al., [@b23]). A more modern view reflects a spectrum of activation states between these extremes (Mosser and Edwards, [@b25]) and a genetic influence on activation grades (Andersson et al., [@b5]).

Multiple sclerosis (MS) is a chronic inflammatory demyelinating autoimmune disease of the CNS. It is the most frequent neurological disease in young adults and affects over 2 million people worldwide. Most types of immune cell have been associated with MS pathogenesis, demonstrating the importance of both innate and adaptive immune mechanisms. Infiltrating macrophages and activated CNS-resident microglia can cause and mediate destruction of myelin and axons through both direct damage and production of proinflammatory molecules, thereby increasing the disease severity and giving a poor prognosis (Almolda et al., [@b3]). Experimental autoimmune encephalomyelitis (EAE), the animal model of MS, is often used to study neuroinflammatory disease mechanisms and potential therapies. The similarities between MS and EAE are established in many aspects, such as disease course, pathological observations, and inflammatory mechanisms (Owens and Sriram, [@b30]). We have previously established a MOG-EAE model in DBA/1 mice that has a very severe disease course, and have characterized its immunological basis as well as using it to test therapeutic interventions (Abdul-Majid et al., [@b1]; Wallberg and Harris, [@b42]; Wallberg et al., [@b43]). As the degree of infiltration of monocytes into the CNS has been determined to correlate with progression to paralytic EAE (Ajami et al., [@b2]) and the numbers of CNS myeloid cells contracts during remissions and expands during relapses (King et al., [@b19]), the importance of myeloid cells in EAE pathogenesis is clear. Importantly, the imbalance of monocyte activation profiles and impaired M2 expression are key factors in relapse development (Mikita et al., [@b24]), and sustained proinflammatory microglial activation prevents repair (Rasmussen et al., [@b37]).

The primary aims of MS therapy are reinstating physiological function after a disease episode, preventing new attacks and long-term disability. Existing medications are modestly effective at decreasing the number of attacks in relapsing-remitting MS (RRMS) and in reducing the accumulation of brain lesions. Treatment of secondary progressive MS (SPMS) and primary progressive MS (PPMS) is problematic and more difficult than RRMS as many patients do not respond to any available therapy (Anlar, [@b6]; Jones and Coles, [@b18]; Pozzilli and Prosperini, [@b33]). As current treatments are generally only partly beneficial, MS remains a significant health burden for both individuals and society.

There is increasing interest in the use of cell-based therapies as a promising strategy for a variety of autoimmune diseases, including MS. Mesenchymal stem cells (MSCs) display stromal features and exert bystander immunomodulatory and neuroprotective activities, and it has been reported that transplanted MSCs promote functional recovery and myelin repair in different MS animal models (Auletta et al., [@b7]; Burman et al., [@b8]). However, these cells have been determined to have various adverse effects, especially in the context of their direct and indirect involvement in cancer. It has also been demonstrated that regulatory T cells (Tregs) play a critical role in the protection and recovery of EAE (Wallberg et al., [@b43]).

In recent years, mononuclear phagocytes have been studied in the treatment of inflammatory disorders. Following our initial report (Wallberg and Harris, [@b42]) the administration of *ex vivo* activated M2 macrophages/monocytes in suppressing ongoing disease has been repeated and extended by other groups, indicating a clear and immunomodulatory potential of this strategy in EAE (Mikita et al., [@b24]). We have additionally demonstrated proof-of-concept that adoptive transfer of specifically activated anti-inflammatory macrophages could prevent development of chronic autoimmune inflammatory disease in a setting of type 1 diabetes (T1D) (Parsa et al., [@b31]).

Considering that microglia are in their natural environment in the CNS, we hypothesized that the adoptive transfer of specifically activated anti-inflammatory microglia during EAE could extend this therapeutic concept. Although most microglial studies use cells derived from neonatal animals, we recently reported significant differences in neonatal and adult microglia (Scheffel et al., [@b39]). We thus used adult M2 microglia in the severe MOG-EAE DBA/1 model to assess their therapeutic potential.

Materials and Methods
=====================

Animals
-------

Female DBA/1 mice were purchased from Taconic (Lille Skensved, Denmark) and maintained in our animal facility at Karolinska Hospital. All mice were between 9 and 11 weeks of age, weighing 20--23 g, were pathogen-free, and had access to chow and water *ad libitum*. All experiments performed were in accordance with the local ethical committee in Stockholm North.

EAE Induction and Clinical Evaluation
-------------------------------------

Recombinant protein corresponding to the N-terminal sequence of mouse myelin oligodendrocyte glycoprotein (MOG) (amino acids 1--125) was expressed in *Escherichia coli* and purified to homogeneity by chelate chromatography as previously described (Amor et al., [@b4]). Purified MOG dissolved in 6 M urea was dialyzed against sodium acetate buffer (10 mM, pH 3.0) to obtain a soluble preparation that was stored frozen at −20°C. Mice were anesthetized with isoflurane (Forane; Abbott Laboratories, Abbot Park, IL) and injected subcutaneously at the dorsal tail base with 100 μL inoculum containing 50 μg of MOG in phosphate-buffered saline (PBS) emulsified in Complete Freund\'s Adjuvant (CFA) containing 100 μg heat-killed *Mycobacterium* tuberculosis H37Ra (Difco Laboratory, Detroit, MI). Mice were weighed and scored daily for clinical signs of EAE using a 6-point scale as follows: 0, no clinical signs of EAE; 1, tail weakness or tail paralysis; 2, hindlimb paraparesis or hemiparesis; 3, hindlimb paralysis or hemiparalysis; 4, tetraplegia or moribund; and 5, death.

Primary Culture of Adult Microglia and Bone Marrow-Derived Macrophages
----------------------------------------------------------------------

Primary glial cells from adult mice were cultured as described previously with modifications (Moussaud and Draheim, [@b26]). Briefly, 10-week-old female DBA/1 mice were deeply anesthetized and perfused in the left ventricle with ice-cold PBS supplemented with 2 U/mL heparin (LEO Pharma AB, Malmö, Sweden). After 5-min perfusion the brain was aseptically removed and freed from the meninges. The brain of one animal was then transferred to a Petri dish containing 5 mL of enzymatic solution and finely minced. The enzymatic solution contained 116 mM NaCl, 5.4 mM KCl, 26 mM NaHCO~3~, 1 mM NaH~2~PO~4~, 1.5 mM CaCl~2~, 1 mM MgSO~4~, 0.5 mM EDTA, 25 mM glucose, 1 mM cysteine, and 20 U/mL papain (all from Sigma, Stockholm, Sweden). The tissue was then incubated at 37°C, 5% CO~2~ and continuously stirred. After a 90-min incubation the digested brain was transferred to a 50-mL conical tube and the enzymatic reaction was stopped by the addition of 20 mL of 20% heat-inactivated fetal bovine serum (FBS) in Hank\'s balanced salt solution (HBSS) (Invitrogen, Sweden). After centrifugation at 200*g* for 7min at room temperature (RT), the pellet was resuspended in 2 mL of 0.5 mg/mL DNase I (Roche, Sweden) in HBSS and incubated for 5 min at RT. Finally, the homogenate was filtered through a 40-μm cell strainer (Becton Dickinson, Sweden) and centrifuged again at 200*g* for 7 min at RT. A discontinuous gradient density centrifugation step using Percoll (Sigma) was then performed; the cells were resuspended in 20 mL of 20% stock isotonic Percoll in HBSS. The cell suspension was carefully overlain with 20 mL pure HBSS and centrifuged at 200*g* for 20 min with slow acceleration and no brake. The pellet that contained mixed glial cells was washed once in HBSS before being resuspended in Dulbecco\'s modified Eagle\'s/F12 medium with GlutaMAX™I (DMEM/F12) supplemented with 10% heat-inactivated FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, 2 mM [l]{.smallcaps}-glutamine (all reagents from Life Technologies, Paisley, Scotland), and 30% M-CSF-conditioned L929 cell line supernatant. The cell suspension from one mouse was plated in one T75-cell culture flask (Invitrogen, Carlsbad, CA) coated with poly-[l]{.smallcaps}-lysine (Sigma) and incubated at 37°C and 5% CO~2~ in a humidified incubator. The medium was changed twice a week until the cells became confluent (after ∼14 days). When full confluence of the cell layer was reached, mixed glial cells were harvested using prewarmed trypsin (Gibco, Grand Island, NYA).

To separate microglia and astrocytes from the mixed glial cells, magnetic separation was performed according to the manufacturer\'s instructions. In brief, the mixed cell suspension was centrifuged at 300*g* for 10 min, the cell pellet was resuspended in MACS buffer (Miltenyi Biotec GmbH, Germany), and thereafter subjected to AutoMACS magnetic positive separation using anti-CD11b MicroBeads (Miltenyi Biotec GmbH). The resulting microglia were seeded in 48-well plates (2 × 10^5^ cells per well) or temperature-sensitive Petri dishes (Thermo Scientific, Sweden) for stimulation before adoptive transfer.

Bone marrow-derived macrophages were cultured as described previously (Weischenfeldt and Porse, [@b44]). In brief, femoral bone marrow cells were collected, single-cell suspensions were prepared and cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) (Gibco) supplemented with 20% heat-inactivated FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, 2 mM [l]{.smallcaps}-glutamine, and 20% M-CSF-conditioned L929 cell line supernatant for 10 days. Cells were harvested using 2 mM EDTA (Sigma).

Microglia/macrophages were then either left (a) unstimulated, (b) stimulated with lipopolysaccharide (LPS)/IFN-γ (50 ng/mL; 20 ng/mL), or (c) with 20 ng/mL recombinant mouse IL-4, IL-10, and recombinant human TGF-β1 (R&D Systems, MN), either alone or in combination. Cells were analyzed using flow cytometry. To check the morphology of activated microglia/macrophages, the cells were labeled with lectin (Vector Laboratories, Stockholm, Sweden) and counterstained with DAPI.

Co-Culture of Microglia with T Lymphocytes or M1 Macrophages
------------------------------------------------------------

Splenocytes were obtained by mechanically disrupting spleens through a 40-μm nylon strainer. Erythrocytes were lysed with ACK buffer (Gibco) for 5 min on ice and washed with DPBS. T lymphocytes were isolated from splenocytes using the Pan T Cell Isolation Kit II, an LS Column, and a MidiMACS™ Separator (Miltenyi Biotec GmbH). Microglia and T lymphocytes were co-cultured in either 24- or 96-well flat-bottom plates (Corning, NY) for 48 h. T lymphocytes were stimulated with 0.5 μg/mL anti-CD3 and anti-CD28 molecular complex (BD) for 2 h before the co-culture. Proliferation was measured using \[methyl-^3^H\]thymidine (Amersham, Aylesbury, UK) at a concentration of 1 µCi/well. Flow cytometry was used to assess induction of Tregs.

To assess if M2 microglia could directly modulate an M1 macrophage phenotype, M2 microglia or untreated microglia (as control) and M1 macrophages were co-cultured at different ratios (M2:M1 = 1:2, 1:1, or 2:1) for 24 h. To identify the polarized microglia/macrophages after mixing them, M1 macrophages were prelabeled with 2 μg/mL XenoLight DiD (Invitrogen) before co-culture. The modulated phenotype of M1 macrophages was then evaluated by examining surface marker expression using flow cytometric analysis.

Intranasal Adoptive Transfer of Microglia to EAE Mice
-----------------------------------------------------

Microglia stimulated with IL-4/IL-10/TGF-β for 24 h or untreated microglia (cultured in medium alone) were injected intranasally (i.n) with PBS as vehicle into EAE mice at different time points \[days 0, 5, 12, or 15 postimmunization (p.i)\]. Intranasal cell or vehicle (PBS) application was performed during a short isoflurane anesthesia. Before treatment all animals received 100 U hyaluronidase (Sigma) i.n dissolved in 12 µL of sterile PBS. Mice received twice in each nostril alternate applications (left--right) of 3 μL drops containing cell suspension/hyaluronidase or PBS (the second set of right--left applications was performed 2 min after the first set). One hour after i.n pretreatment with hyaluronidase a microglia suspension (3 × 10^5^ in 12 μL of sterile PBS) or vehicle (PBS) was applied using the same procedure. In separate experiments, IL-4/IL-10/TGF-β polarized macrophages were injected intravenously into EAE mice at two different time points (days 0 or 15 p.i).

Histological Analysis
---------------------

Day 30 p.i (15 days after adoptive microglia transfer) mice were anesthetized and perfused via the aorta with 30 mL of PBS and 20 mL of 4% paraformaldehyde. Histological evaluation was performed on 14-µm frozen sections of brains and spinal cords stained with hematoxylin--eosin and Luxol fast blue to assess inflammation and demyelination, respectively. In adjacent serial sections immunohistochemistry was performed with antibodies against macrophages/activated microglia (Iba1; Wako, Osaka, Japan) and astrocytes (GFAP; AbCam, Cambridge, UK). Bound antibody was visualized using HRP-labeled secondary antibody and DAB reagent and control sections were incubated in the absence of primary antibody. Inflammatory cell infiltration was assessed blindly in a semiquantitative fashion, from − (no infiltration) to +++ (severe infiltration).

Flow Cytometric Analysis
------------------------

Stimulated primary cultured microglia were analyzed by flow cytometry for their activation phenotypes. Microglia were detached with 2 mM EDTA (Sigma) for 30 min at 37°C. Antibodies against CD86 (eBioscience), PD-L1 (MIH5, eBioscience), and PD-L2 (TY25, eBioscience) were used for analysis.

In addition, day 30 p.i (day 15 after adoptive microglia transfer) mice were anesthetized and transcardically perfused with PBS. Microglia and infiltrating cells were isolated from brains and spinal cords and stained with antibodies specific for CD11b (Biolegend), CD3 (17A2, Biolegend), CD4 (GK1.5, Beckman Coulter), CD8α (53-6.7, Beckman Coulter), CD62L (MEL-14, Beckman Coulter), CD44 (IM7, BD), IFNγ (BD), IL-17 (BD), and isotype controls rat IgG2a (eBioscience) or rat IgG2b (eBioscience). Samples were run in a Gallios flow cytometer (Beckman Coulter, Brea, CA) and analyzed using Kaluza v1.1 software (Beckman Coulter).

Tracking of Adoptive Transferred Microglia
------------------------------------------

For tracking of transferred cells, IL-4/IL-10/TGF-β-stimulated microglia were incubated with 2 μg/mL XenoLight DiI (Invitrogen) for 5 min at 37°C and then quickly transferred to 4°C for 15 min before i.n injection. Twenty-four hours or 72 h after microglia delivery, MOG-EAE mice were sacrificed. Frozen sections of whole CNS tissue (including the olfactory bulb) were prepared as described for histological analysis, and single-cell suspensions from deep cervical lymph nodes, superficial cervical lymph nodes, as well as inguinal lymph nodes were prepared and stained for flow cytometric analyses.

Cytokine Analysis and Nitric Oxide Detection
--------------------------------------------

ELISA kits for detection of secreted IL-6 and IL-10 in cell culture supernatants were purchased from Biolegend (San Diego, US) and used according to the manufacturer\'s instructions. In brief, supernatants were collected from microglia cultures, run in duplicate wells, and absorbances were measured at 450 nm and subtracted with the absorbance at 562 nm using a microplate reader (LabSystems, Basingstoke, UK).

The measurement of nitric oxide (NO) in the microglia cell culture supernatants was performed using the modified Griess reagent (Sigma). Samples were plated in duplicate wells of flat 96-well plates (Corning), mixed with equal volumes of freshly prepared Griess reagent, and incubated for 15 min at room temperature. Absorbance was measured at 540 nm using a microplate reader (LabSystems).

Statistical Analysis
--------------------

Statistical significance was determined by Mann--Whitney *U*-test. A *P*-value of \<0.05 (\*) was considered significant, and error bars are presented as SEM. Statistical analysis was conducted using GraphPad software v6 (San Diego, CA).

Results
=======

Microglial Stimulation with IL-4/IL-10/TGF-β Induces a Robust M2 Phenotype
--------------------------------------------------------------------------

Cytokines induce a multitude of effects on microglia, directing receptor expression, intracellular signaling, phenotype stability, and biological properties. We have previously defined optimal protocols for reliable and stable induction of an anti-inflammatory macrophage phenotype using combined stimulation with IL-4/IL-10/TGFβ (Parsa et al., [@b31]). In this study, we modified a novel protocol for culturing adult microglia. We stimulated these microglia using the same cytokine stimulatory protocol and assessed their phenotype.

Similar to macrophages, distinct M1 and M2 phenotypes of microglia were confirmed by their different morphologies ([Fig. 1](#fig01){ref-type="fig"}). After 24 h of stimulation, IFNγ/LPS-treated microglia (M1 phenotype) expressed higher levels of CD86 and PD-L1, and lower levels of PD-L2. Conversely, IL-4/IL-10/TGFβ-treated microglia (M2 phenotype) had decreased expression of CD86, mild expression of PD-L1, and strong expression of PD-L2 ([Fig. 2](#fig02){ref-type="fig"}A--C). IL-4 seemed to be the key cytokine in this context, because IL-4 alone could induce high expression of PD-L2 in microglia ([Fig. 2](#fig02){ref-type="fig"}C). Additionally, IFNγ/LPS-stimulated microglia secreted high levels of IL-6 and NO, whereas these were almost immeasurable in IL-4/IL-10/TGFβ-stimulated microglia, either alone or in combination ([Fig. 2](#fig02){ref-type="fig"}D,E).

![Morphology of M1 and M2 of microglia/macrophage phenotypes. Cultured microglia/macrophages from adult DBA/1 mice were stimulated for 24 h with IFNγ/LPS (M1 phenotype) or IL-4/IL-10/TGFβ (M2 phenotype). Microglia/macrophages were labeled with lectin (green) and nuclei stained with DAPI (blue). Scale bar: 5 µm.](glia0062-0804-f1){#fig01}

![Microglial stimulation with IL-4/IL-10/TGF-β induces an M2 phenotype. Cultured microglia from adult DBA/1 mice were stimulated for 24 h with IFNγ/LPS or IL-4/IL-10/TGFβ, either alone or in combination. Expression of: CD86 (A); PD-L1 (B); PD-L2 (C); IL-6 (D); nitric oxide (NO) (E); and IL-10 (F). Secondary IFNγ/LPS proinflammatory stimulation following initial M2 stimulation: levels of IL-6 (G); NO (H); and IL-10 (I). \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001. Data represent at least three independent experiments.](glia0062-0804-f2){#fig02}

To determine if the induced M2 phenotype would convert to an M1 phenotype following secondary proinflammatory stimulation, microglia were first M2-induced for 24 h, supernatants were washed away, and fresh medium containing LPS/IFN-γ was added for another 24 h. Resultant proinflammatory IL-6 and NO levels were significantly lower, while anti-inflammatory cytokine IL-10 levels were higher from these secondary proinflammatory activated IL-4/IL-10/TGF-β-induced M2 cells, indicating that a relatively stable M2 macrophage phenotype had been induced by these cytokines ([Fig. 2](#fig02){ref-type="fig"}G--I). Moreover, TGF-β was observed to be crucial for phenotype retention ([Fig. 2](#fig02){ref-type="fig"}G--I).

Adoptive Transfer of M2 Microglia Attenuates the Clinical Symptoms of Established EAE
-------------------------------------------------------------------------------------

Similar to our previous findings with bone marrow-derived macrophages, our *in vitro* microglia stimulation studies indicated that a combination of IL-4/IL-10/TGF-β induced an optimal suppressive regulatory microglia phenotype (M2) that was dominantly anti-inflammatory. The *in vivo* immunoregulatory activity of these cells in a setting of EAE was next investigated through their adoptive transfer into EAE mice. M2 microglia were injected i.n into MOG-EAE DBA/1 mice at different time points (days 0, 5, 12, or 15 p.i). When we transferred unstimulated microglia to EAE mice we did not observe any treatment effects, with no difference in clinical disease development compared with the vehicle-treated group (data not included), and thus the latter control group was used subsequently. Strikingly, a single M2 microglia treatment alleviated the clinical symptoms of ongoing EAE at most time points except at day 0 p.i ([Fig. 3](#fig03){ref-type="fig"}A, day 0; [Fig. 3](#fig03){ref-type="fig"}B, day 5; [Fig. 3](#fig03){ref-type="fig"}C, day 12; and [Fig. 3](#fig03){ref-type="fig"}D, day 15). Taken together, these results indicate the potent ability of M2 microglia to attenuate the clinical symptoms of ongoing EAE, with the most benefit being recorded at later clinical time points (during chronic disease). When cytokine-induced immunomodulatory macrophages were injected intravenously at day 15 p.i into EAE mice, similar beneficial effects were observed ([Fig. 4](#fig04){ref-type="fig"}).

![Adoptive transfer of M2 microglia attenuates the clinical symptoms of established EAE. M2 microglia were injected intranasally into MOG-EAE DBA/1 mice at different time points postimmunization (p.i): (A) day 0; (B) day 5; (C) day 12; and (D) day 15. Comparison of accumulative clinical scores between PBS-treated EAE mice and M2 microglia-treated EAE mice is presented for each time point. \**P* \< 0.05; \*\**P* \< 0.01. Data represent two independent experiments.](glia0062-0804-f3){#fig03}

![Adoptive transfer of M2 macrophages at day 15 postimmunization (p.i) diminishes the severity of established EAE. M2 macrophages were injected intravenously into MOG-EAE DBA/1 mice at two time points p.i: (A) day 0 and (B) day 15. Comparison of accumulative clinical scores between PBS-treated EAE mice and M2 macrophage-treated EAE mice is presented for each time point. \**P* \< 0.05. Data represent two independent experiments.](glia0062-0804-f4){#fig04}

EAE Mice Treated with M2 Microglia Have Reduced Inflammatory Responses and Less Demyelination in the CNS
--------------------------------------------------------------------------------------------------------

The typical pathological changes of EAE consist of CNS inflammatory cell infiltration, demyelination, and axonal loss during severe disease. To assess inflammation and demyelination, CNS tissues from EAE mice were divided into 10 segments as depicted in [Fig. 5](#fig05){ref-type="fig"}A and stained with hematoxylin--eosin, luxol fast blue, and antibodies specific for Iba1 and GFAP, with inflammatory cell infiltration being assessed blindly in a semiquantitative fashion. At day 30 p.i (15 days after adoptive microglia transfer) PBS-treated mice clearly demonstrated inflammatory infiltration, microglial and astrocyte activation in the brain stem, cerebellum, and the whole spinal cord. It was also obvious that demyelination occurred throughout the spinal cord in PBS-treated mice. Moreover, the infiltration and demyelination were especially strong in the lumbar spinal cord ([Fig. 5](#fig05){ref-type="fig"}C). Conversely, a lower degree of infiltration and demyelination was detected in mice treated with M2 microglia. The infiltration scores indicated that transfer of M2 microglia led to significantly reduced spinal cord destruction ([Fig. 5](#fig05){ref-type="fig"}B). Smaller infiltrates were detectable in the forebrain of approximately half of the animals, and although there was a trend toward less infiltration in the brain of M2 microglia-treated mice, this did not reach statistical significance.

![EAE mice treated with M2 microglia have reduced inflammatory responses and less demyelination in the CNS at day 30 postimmunization (day 15 after adoptive microglia transfer) as assessed by immunohistochemistry. (A) Schematic figure illustrated that CNS tissues from EAE mice were divided into 10 segments and stained with hematoxylin--eosin, luxol fast blue, and antibodies against Iba1 and GFAP, with inflammatory cell infiltration being assessed blindly in a semiquantitative fashion, from − (no infiltration) to +++ (severe infiltration). (B) The infiltration scores indicated that transfer of M2 microglia led to diminished spinal cord destruction. (C) Representative slices from lumbar spinal cord showed reduced degree of inflammation and demyelination in mice treated with M2 microglia. (D) Fluorescent DiI-labeled microglia (red) were detected in the olfactory bulb 24 and 72 h after delivery. DiI-labeled cells were designated as microglia by staining with Iba1 (green) and DAPI (blue). (E) DiI-positive cells were detected in the brain-draining deep cervical lymph nodes (LN) 72 h after delivery. \*\**P* \< 0.01; \*\*\**P* \< 0.001. Data represent two independent experiments.](glia0062-0804-f5){#fig05}

The fate of the transferred cells is a central issue and using fluorescent DiI labeling we were able to detect transferred microglia in the olfactory bulb 24 and 72 h after delivery ([Fig. 5](#fig05){ref-type="fig"}D). Moreover, after 72 h the microglia were also detected in the brain-draining deep cervical lymph nodes ([Fig. 5](#fig05){ref-type="fig"}E). At this time point we could not detect labeled cells in the rest of the brain or spinal cord.

Adoptive Transfer of M2 Microglia Suppresses T-Cell Activation and Th17 Production in the CNS of EAE Mice
---------------------------------------------------------------------------------------------------------

Given the impressive therapeutic effect of M2 microglia therapy in EAE mice, CNS tissues (brain and spinal cord) from M2 microglia- and PBS-treated mice were more closely examined for immune activities by flow cytometry on day 30 p.i (day 15 after adoptive microglia transfer). Consistent with the histological findings, compared with PBS-treated mice M2 microglia-treated mice had reduced macrophage/microglia (CD11b^+^) and T-cell (CD3^+^) infiltration ([Fig. 6](#fig06){ref-type="fig"}A,B). Even though there was no difference in the percentages of CD4 and CD8 cells ([Fig. 6](#fig06){ref-type="fig"}C,D), the PBS-treated group had a higher number of activated CD4 T cells (CD62L^−^, CD44^high^) than the M2 microglia-treated group ([Fig. 6](#fig06){ref-type="fig"}F). Moreover, the PBS- and M2 microglia- treated mice had similar numbers of IFN-γ^+^ CD4 T cells in the CNS tissues ([Fig. 6](#fig06){ref-type="fig"}G). However, fewer IL-17^+^ CD4 T cells were evident in the CNS tissue following M2 microglia treatment ([Fig. 6](#fig06){ref-type="fig"}H).

![Adoptive transfer of M2 microglia suppresses T-cell activation and Th17 production in the CNS of EAE mice. CNS tissues from M2 microglia- and PBS-treated mice were examined for immune activities by flow cytometry on day 30 postimmunization (day 15 after adoptive microglia transfer). (A) Macrophages/microglia; (B) T-cell infiltration; percentage of CD4 (C) and CD8 cells (D); percentage of naïve CD4 T cells (E) and activated CD4 T cells (F); percentage of IFN-γ^+^ (G) and IL-17^+^ (H) CD4 T cells. \**P* \< 0.05. Data represent two independent experiments.](glia0062-0804-f6){#fig06}

The Immunomodulatory Properties of M2 Microglia Act on Both Innate and Adaptive Immune Cells
--------------------------------------------------------------------------------------------

In an effort to try and further discern the observed mechanism of therapeutic action of M2 microglia we assessed their effects on different aspects of innate and adaptive immunity. The expansion of effector T cells is important in driving experimental autoimmune disease during both initiation and perpetuation (locally) of disease. We included M2-activated microglia in an *in vitro* T-cell proliferation assay and demonstrated a significant reduction in the T-cell proliferative capacity ([Fig. 7](#fig07){ref-type="fig"}A). We next assessed the capacity of M2 microglia to induce *de novo* Tregs by incubating them together with naïve T cells. The observed induction of a CD4^+^Foxp3^+^ phenotype indicated that M2 microglia were potent inducers of Tregs in the absence of antigen loading ([Fig. 7](#fig07){ref-type="fig"}B). Considering that proinflammatory M1 macrophages/microglia are the major cause of tissue damage during EAE we next addressed what effect co-incubation of M2 microglia would have on the phenotype of M1-activated macrophages. We assessed both expression of CD86 and PD-L1, both of which are highly expressed on M1 myeloid cells. We thus co-incubated M2 microglia with fluorescently labeled M1 macrophages in order to be able to subsequently immunophenotype the M1 cells. The data presented in [Fig. 7](#fig07){ref-type="fig"}C,D demonstrate that titration of M2 against M1 resulted in a reduced M1 phenotype as a direct result of the action of M2 microglia.

![The immunomodulatory properties of M2 microglia were evaluated by co-culture with T lymphocytes or M1 macrophages. (A) M2-activated microglia demonstrated a significant reduction in *in vitro* T-cell proliferative capacity. (B) M2 microglia had the capacity to induce Tregs (CD4^+^Foxp3^+^ cells) *de novo* by incubating them together with naïve T cells. (C and D) Co-incubation of M2 microglia could modulate the phenotype of M1-activated macrophages by decreasing the expression of CD86 and PD-L1, respectively. \*\*\**P* \< 0.001. Data represent two independent experiments.](glia0062-0804-f7){#fig07}

It is thus clear that M2 microglia have many potential immunomodulatory modes of action that could be expected to be significant in downregulating disease-promoting immune reactions occurring in the cervical lymph nodes or even within the afflicted CNS.

Discussion
==========

We have previously demonstrated that adoptive transfer of specifically activated anti-inflammatory macrophages could prevent development of T1D in a mouse model (Parsa et al., [@b31]). In this study, we expanded this therapeutic concept through adoptive transfer of anti-inflammatory microglia into mice with ongoing EAE. The novel aspects of our study are (a) the use of adult microglia; (b) the use of a novel intranasal route of administration; and (c) the use of a late disease course time point in a severe EAE model. Our major finding is that a single adoptive transfer of *in vitro*-induced immunosuppressive M2 microglia can effectively alleviate the disease severity of established MOG-EAE in DBA1 mice.

MS is the most common neurological disease of young adults in Western societies, having a higher prevalence among females than males (2:1). In most patients the disease starts as RRMS and subsequently develops into SPMS, although 10% of patients debut with PPMS (Huijbregts et al., [@b16]; Quintana et al., [@b34]). The most commonly used therapies today, including injections of IFNβ, polypeptide glatiramer acetate, and the other approved disease-modifying drugs, are all restricted to use in RRMS, but fail to slow disease progression in both PPMS and SPMS (Anlar, [@b6]; Jones and Coles, [@b18]; Pozzilli and Prosperini, [@b33]). Additional treatments, in particularly targeting the significant SPMS group, are therefore a currently unmet medical need.

During recent years the use of specific immunosuppressive innate myeloid cells in therapy has been tested in a variety of experimental inflammatory settings including MS (Mikita et al., [@b24]), kidney inflammation (Ranganathan et al., [@b35]), and spinal cord injury (Hino et al., [@b15]). The first human trials using immunosuppressive macrophages have been conducted in a setting of spinal cord injury (Lammertse et al., [@b20]), and dendritic cell vaccination is common in cancer settings (Mantia-Smaldone and Chu, [@b22]). However, despite promising effects in animal models, translation into a human setting has been less efficacious in both settings. We advocate the use of stringently optimized stimulation protocols to ensure maximal retention of functional capacity post-transfer, and consider this as a flaw of the currently tested human therapies.

As microglia are primary immune effector cells of the CNS, serving in the surveillance and maintenance, protection, and restoration of the CNS homeostasis, we reasoned that they might have superior immunosuppressive capacity than M2 macrophages within the CNS. Although microglia are functionally equivalent to other populations of tissue-resident macrophages, by origin as well as functional characteristics (Hanisch, [@b13]; Saijo and Glass, [@b38]), it is currently definitively unproven as to what the relative contributions of microglia and systemic infiltrating macrophages are as effector cells in EAE and MS. Likewise, it is similarly unknown what the relative abilities of microglia and macrophages are as immunosuppressive cells (Ajami et al., [@b2]; Heppner et al., [@b14]; Ponomarev et al., [@b32]). In our *in vitro* immunological characterization studies we observed comparable activation states of M1 and M2 macrophages/microglia for all phenotypic markers studied. *In vivo*, the adoptive transfer of one dose of immunosuppressive M2 microglia alleviated the symptoms of EAE, accompanied by approved pathological changes, reduced T-cell infiltration and activation. Considering that the MOG-EAE DBA/1 model develops a particularly severe clinical disease, this therapeutic effect is significant.

There are several potential modes of action of the therapeutic M2 microglia. We demonstrate immunomodulatory effects on T-cell proliferation and on M1 activation phenotype, as well as specific induction of Tregs *in vitro*. Whether this latter response could be improved by loading of M2-activated cells with specific antigen before adoptive transfer remains to be determined, although there is no requirement *per se* for antigen preloading in induction of Tregs *in vitro*. However, there is a possibility for the uptake of antigen in the draining lymph nodes where we do find transferred M2 microglia, and it is in the nature of M2-stimulated macrophages and microglia to be highly phagocytic. The capacity of alternatively activated macrophages to reciprocally interact with Tregs has been previously reported (Mahnke et al., [@b21]; Tiemessen et al., [@b41]), and this capacity warrants more attention in the field of myeloid cell immunotherapy. We believe that the production of the anti-inflammatory cytokines IL-10 and TGF-β by the M2 microglia is critical for their ability to reduce the activities of proinflammatory T cells and macrophages, and the use of appropriate gene-deficient mice will aid to elucidate the relative contributions of these cytokines in the therapeutic effect in future studies. An additional potential mode of action of the transferred M2 microglia could be in stimulating the natural healing processes of the damaged tissue, and exploring this possibility is a current focus of our research efforts.

Critical consideration of efficiency of cell transfer is a vital aspect of myeloid cell therapy strategies. As most intravenously injected cells end up in the lung and direct intrathecal administration is associated with local tissue damage, intranasal cell transplantation into the CNS was used in this study. Intranasal administration can deliver peptides, chemical drugs, metals, viruses, plasmid, siRNA, and bacterial phages directly into the brain through the olfactory nerve pathway or vascular pathway (Danielyan et al., [@b11]; Jiang et al., [@b17]). We have previously used this strategy to deliver Tregs to the CNS (Fransson et al., [@b12]). In this study, we could detect labeled M2 cells in the deep cervical lymph nodes, indicating this as the main focus for immunomodulation, which is supported by the lower number of CD4^+^ T cells in the CNS of treated mice. However, we consider that determining the exact routes that adoptively transferred microglia navigate post-transfer requires further investigation using advanced imaging techniques such as IVIS, PET, and MRI scanning. Suffice to say that treatment effectiveness will be largely determined by how many immunomodulatory M2 cells access the appropriate compartments, and efficiency of route of administration will be a key issue for eventual translation into the clinic.

Considering the crucial role of infiltrating autoreactive T cells within the target organ in the development of EAE and MS, the deactivation of T cells could be one of the mechanisms explaining the therapeutic effects of adoptive microglial transfer to established EAE. Our histological and flow cytometric data supported this notion. Moreover, M2 microglia-transferred EAE mice exhibited fewer IL-17^+^ CD4 T cells but equivalent numbers of IFN-γ^+^ CD4 T cells in their CNS tissue. Additionally, we noted that M2 microglia-transferred EAE mice maintained better balance posture compared with PBS-treated EAE mice, a clinical symptom previously associated with Th17 cells (Stromnes et al., [@b40]). Early infiltration of Th17 or Th1/Th17 cells into the CNS is an important event in microglial activation during the early disease process (Murphy et al., [@b27]).

Although we and other groups are developing myeloid cell therapy platforms for translation into the clinic, the obvious question of the feasibility of a microglial therapy arises. A protocol for deriving microglia from mouse embryonic stem (ES) cells has been described (Napoli et al., [@b29]), and new protocols using iPS cells are currently being developed (Czepiel et al., [@b10]). The potential use of personalized microglia is thus a future clinical possibility. When cytokine-induced immunomodulatory macrophages were injected at day 15 p.i into the EAE mice, although somewhat milder, similar beneficial therapeutic effects were observed, suggesting a potential alternative option of using macrophages instead of microglia in clinical settings.

In conclusion, EAE could be alleviated by a single dose transfer of adult microglia in DBA/1 mice, representing a novel intervention of established EAE. That the best therapeutic effect was obvious at a more advanced stage of disease indicates that this approach might be of particular relevance as a treatment of SPMS patients.
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